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ABSTRACT

     The main role of the main coolant pump is to circulate the primary coolant continuously through the internal
structures of an integral reactor for ten years without failure. The primary coolant pressure is so high that the pressure
barriers of the main coolant pump undergo high stress levels. Additionally, temperature gradients along the wall of the
pressure barrier are another load that causes stress. The flange of the main coolant pump is the main component
sustaining primary pressure barriers. The primary pressure barriers in a nuclear power plant are classified as class 1
components and the structural integrity of them should be evaluated according to the design criteria of the ASME code.
Three load types are considered in calculating the stresses of the flange. The design pressure load itself is the first one.
The level A service loads, operating pressure and temperature gradient, are the second one and the hydro-test pressure
load is the third one. All of the stresses that are obtained under each load type do not exceed the stress limits of material. 

KEY WORDS : integral reactor, main coolant pump, stress intensity, thermal stress, mechanical stress, structural
integrity.
     
INTRODUCTION

     Among many components consisting of the main coolant pump (MCP), the flange is main part that sustains the
primary coolant pressure boundary. Both thermal load and mechanical load are acting on the flange simultaneously. The
temperature gradients cause the thermal stresses of the flange and three types of pressures, operating pressure, design
pressure, and hydro-pressure cause mechanical stresses. Generally, thermal stresses and mechanical stresses should be
superposed in order to evaluate the structural integrity of the flange. There are different stress categories that depend on
the load combination acting on the flange. The stress categories are membrane stress, bending stress and secondary
stress. The membrane stress and bending stress occur whenever design pressure or hydro-test pressure is applied to the
flange surface. The secondary stress occurs when thermal loads are applied to the flange. 
     The membrane stresses or membrane plus bending stresses produced by design pressure should be compared with
the stress intensity limit of the material. The membrane plus bending plus secondary stresses produced by level A
service loads should be compared with the stress intensity limit of the material. The membrane stresses or membrane
plus bending stresses produced by hydro-test pressure should be compared with the scaled yield stress of the material.
The stress categories and limits of stress intensity for class 1 components are shown in Table 1. The membrane stresses,
bending stresses, secondary stresses occur when the level A service load is applied to the flange. The level A service
load contains operating pressure, temperature gradients, transient loads. In this paper the fatigue effects by transient
loads are not considered because safety group is still calculating the transient loads. 
     I-DEAS computer program is adopted to create the finite element model of the flange but the ANSYS computer
program is used to obtain temperature distributions and stress distributions with the same finite element model. For
thermal analysis, the forced convection heat transfer and natural convection heat transfer coefficients are obtained from
experimental equations. Then, the temperature distributions are calculated by solving the finite element model with
thermal boundary conditions. Finally the load sets containing temperature distributions and mechanical loads are
applied to the flange in order to obtain the stress intensities of the flange. The calculated maximum stress intensities of
the flange are compared with the design stress intensities of the material.

ANALYSIS MODEL

Thermal analysis
     Though the flange of the MCP is a complex shape shown in Fig. 1, a simple geometry for stress analysis model has
been made. The simple geometry shown in Fig. 2 is made of stainless steel 321 and high strength steel SA563-T630
which are enrolled in the ASME code. At the lower region of the flange, the cavity for the stator coil volume is so
compact that only a thin wall is allowable for providing more cavity. A high stress is expected at thin wall. Therefore, a
high strength material for the thin wall is used to sustain the pressure boundary. The finite element model with boundary
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conditions for the simplified geometry of the flange is shown in Fig. 3 and 4. The small element size is prepared at the
steep temperature gradient region while relatively larger one is prepared at the mild temperature gradient region.      
     Forced convection heat transfer coefficient and the natural convection heat transfer coefficient are obtained from an
experimental formula. Prior to solving the finite element model, these two parameters have to be calculated first.    
     In turbulence flow, dNu  is expressed as follow [1].

dNu = 4.08.0 PrRe023.0 d (1)

dNu =
k
hd

(2)

     Where, dNu , dRe  and Pr  are the Nusselt number, Reynolds number and Prandtl number, respectively. Here h ,

d  and k  are heat transfer coefficient, diameter and heat conduction coefficient, respectively. From the Eq. (2), the heat
transfer coefficient can be obtained if the Nusselt number is known.
     For a natural convection field, an experimental Eq. (3) can be used to calculate the dNu  [1].
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       Where, Gr  is Grashof number. g  is gravity acceleration. ν  is dynamic viscosity coefficient. T  is absolute gas

temperature. In Eq. (3), the Nusselt number is calculated at film temperature. The film temperature ( fT ) is defined as
follow. 
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     Where, ∞T  and wT  are surround temperature and wall temperature, respectively. 
The governing equation for nonhomogeneous thermal analysis of a cylindrical shape under natural convection is as
follows [2]. 
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       Assuming steady state thermal analysis without heat source (
•

q ), the above equations with the boundary condition
of Fig. 3 can be expressed as follows. 
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     Where, n  stands for the outer vertical direction at given point. ir  and or  are the inner and outer diameter,

respectively. B  stands for the temperature boundary of the stator coil. 
     The Nusselt number for a forced convection is obtained by Eq. (1). And then, the forced convection heat transfer
coefficient, ih , is obtained by Eq. (2) and listed in Table 2. The circulation flow of the flange inside occurs by the

auxiliary impeller of the MCP and the flow rate is 1.389× sm /10 33− . Though the flange inner velocities are different
in the axial direction, the maximum velocity is considered to obtain the parameters in Table 2. Here, the flange inner
temperature as a design value is assumed to be 80•. For a natural convection at the outer surface of the flange, Eq. (3) is
used to calculate the Nusselt number. The natural convection heat transfer coefficient, oh , is calculated by Eq. (2) and
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listed in Table 3. It is assumed that the natural convection is taking place in the 40• surrounding air. In Fig. 3, the stator
coil temperature, cT , is assumed 150• and a stagnated air is filled between coil and flange. In fact, the flange inner
temperature and the stator coil temperature should be measured when pump performance test is performed and they
have to be fed back to the design stage. 
     The temperature distributions within the flange are governed by Eq. (9), (10), (11) and (12) with the thermal
boundary conditions described above. Finite element model shown in Fig. 3 is used to obtain the solution of Eq. (9),
(10), (11) and (12). An axisymmetric element is applicable for the cylinderical flange. The PLANE77 solid element of
the ANSYS program, which has 8 nodes and 4 faces, is used for the steady state thermal analysis problem. The finite
element model consists of 305 elements and 1,010 nodes. The flange is made of SS321 and SA564-T630 materials. The
physical properties of these materials are listed in the ASME code Section III [3]. 

Governing Equations 
     For the structure under temperature gradients and mechanical loads, the compatibility equations are expressed in
terms of stress components and temperature gradients [2]. 
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     Where, ν , α , E  and T are poisson's ratio, thermal expansion coefficient, young's modulus and temperature,
respectively. And normal stress (Θ ) is defined as follow. 

zzyyxx σσσ ++=Θ
     The compatibility Eq. (13) have to be satisfied with the force equilibrium equation (14) and boundary condition
equation (15).
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     Where, X, Y and Z are body force in x, y and z direction, respectively. 
     Eq. (15) represents the traction forces acting on the surface of elastic body. 

dNu
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     Where, xT , yT  and zT  are traction forces in x, y and z direction, respectively. xn , yn  and zn  are unit vectors
toward outside at surface.  
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Loading Conditions
     The thermal boundary conditions for calculating the temperature distributions of the flange are shown in Fig. 3. The
forced convection occurs at the inner surface and the natural convection occurs at outer surface. Many parameters have
to be calculated prior to calculating the forced convection heat transfer coefficient (FCHTC) and the natural convection
heat transfer coefficient (NCHTC). These parameters are shown in Table 2 and 3. The calculated FCHTC is
1736 )/( 2 CmW °  and the calculated NCHTC is 5.5 )/( 2 CmW ° .   
     The mechanical boundary conditions are shown in Fig. 4. The displacements of the clamping region are fixed and all
the displacements except the clamping region is set free. There are three kinds of pressures acting on the flange. The
operating pressure, design pressure and hydraulic test pressure are 15MPa , 17MPa  and 21.3MPa , respectively. 
     
ANALYSIS RESULTS

     The temperature distributions within the flange shown in Fig. 5 are obtained from the finite element analysis model
using the forced convection heat transfer coefficient, natural convection heat transfer coefficient, and assumed coil
temperature. The steady state thermal analysis represents that the inner wall of the flange maintains 80• and the outer
wall of the flange sustains about 68•. The high temperature of the stator coil is transferred to the flange via the air. Most
temperature gradients occur in the air layer and minor temperature gradients appear along the flange wall. 
     When design pressure is acting on the flange, the stress intensities at each section are listed in Table 6 and the stress
intensity distributions are shown in Fig. 6. There are three stress regions, "section 1", "section 2", and "section 3",
shown in Fig. 7. The "section 1" is for the thinnest wall of SS321. The "section 2" is for the contact region of STS321
and SA564-T630. The "section 3" is for the maximum stress intensity occurring in the SA564-T630 material. The safe
margin at section 2 is the lowest among three sections while maximum stress intensity occurs at section 3. The
calculated primary membrane stress ( mP ) at section 2 is 106MPa and it does not exceed the stress intensity limit,

110MPa . The calculated local membrane stress plus bending stress ( LP + bP ) is 151MPa and it does not exceed the

stress intensity limit, 165MPa .
     When level A service load is acting on the flange, the stress intensities at each section are listed in Table 7 and the
stress intensity distributions are shown in Fig. 8. The thermal load and operating pressure are acting on the flange
simultaneously and the safe margin at section 2 is the lowest among three sections. The calculated LP + bP  at section 2

is 184MPa and it does not exceed the stress intensity limit, 330MPa . 
     When hydro-test pressure is acting on the flange, the stress intensities at each section are listed in Table 8 and the
stress intensity distributions are shown in Fig. 9. The calculated primary membrane stress at section 2 is 133MPa and
it does not exceed the stress limit, 186MPa . The calculated LP + bP  is 189MPa and it also does not exceed the stress

limit, 279MPa . 

CONCLUSIONS

     The forced convection heat transfer coefficient ( ih ) and natural convection heat transfer coefficient ( oh ) are
calculated using experimental equations with the assumption of the inner temperature, ambient temperature and stator
coil temperature ( cT ). Then, the temperature distributions are calculated using the finite element analysis model and
used as the thermal loads. 
     The design pressure is proved to be more severe load than the level A service load or hydro-test pressure and mP
and LP + bP  caused by the design pressure are lower than the stress intensity limits of the material. 
     In level A service load, transient loads is not considered. Therefore it is recommended that the fatigue analysis by
transient loads should be performed in order to evaluate the whole structural integrity of the flange.
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Table 1. Stress Categories and Limits of Stress Intensity for Class 1 Components
Stress Limit

Load Type

Stress Category
Design

Pressure

Level A
Service
Load

Hydro-test Pressure

mP < mS NA 0.9 yS

LP + bP <1.5 mS <3.0 mS
if mP ≤0.65 yS ,

<1.35 yS
if 0.65 yS < mP ≤0.9 yS ,

<1.25 yS -1.2 mP

LP + bP +Q NA <3.0 mS NA NA

Table 2. Parameters for Forced Convection Heat           Table 3. Parameters for Natural Convection 
Transfer Coefficient                                                          Transfer Coefficient 

Pressure(Pa) 1.500E+07
Temperature(deg C) 8.000E+01

Flow Rate(m3/s) 1.389E-03
Density(kg/m3) 9.780E+02
Inner Dia.(m) 2.400E-01
Outer Dia.(m) 2.590E-01

Area(m2) 7.446E-03
Velocity(m/s) 1.865E-01

Dh(hydraulic dia., m) 1.900E-02

Viscosity(Ns/m2) 3.580E-04
Dynamic Viscosity 3.661E-07

Thermal Conductivity(W/m deg C) 6.740E-01
Cp(J/kg deg C) 4.192E+03

Re 9.681E+03
Pr 2.227E+00
Nu 4.893E+01

hi (W/m2 deg C) 1.736E+03

Pressure(Pa) 1.000E+05
Temp.(deg C) 7.000E+01

Tf(deg C) 5.500E+01

T_infinite(deg C) 4.000E+01
Density(kg/m3) 9.980E-01
Length (L, m) 2.300E-01

Diameter(D, m) 8.700E-01
Cp (J/kg deg C) 1.000E+03

Viscocity (Ns/m2) 2.075E-05
Dynamic Viscosity 2.079E-05

Thermal Conductivity(W/m deg C) 3.000E-02
Gr 1.207E+07
Pr 6.917E-01
Re 8.348E+06

Gr0.25 5.894E+01
Nu 3.171E+01

ho(W/m2 deg C) 5.516E+00

Table 4. The Material Properties of SS321            Table 5. The Material Properties of SA564-T630

                                                          

Temp. k α E mS
• W/(m•) mm/mm/• GPa MPa
21 17.13 1.06E-5 195 310
38 17.48 1.06E-5 310
93 18.34 1.06E-5 190 310

121 18.86 1.06E-5 - 310
149 19.34 1.06E-5 186 310
204 20.25 1.06E-5 182 301
260 21.11 1.06E-5 177 295
316 21.98 1.07E-5 174 290
343 22.50 1.07E-5 - 288
371 22.84 1.08E-5 170 -

 Temp. k α E mS
• W/(m•) mm/mm/• GPa MPa
21 14.01 1.60E-05 195 -
38 14.53 1.62E-05 - 137
93 15.23 1.66E-5 190 137

121 15.75 1.67E-5 - -
149 16.26 1.69E-5 186 137
204 17.13 1.72E-5 182 128
260 18.00 1.74E-5 177 118
316 18.86 1.77E-5 174 113
343 19.21 1.78E-5 - 110
371 19.73 1.79E-5 170 109
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